A surprising feature of endoplasmic reticulum (ER)-associated degradation (ERAD) is the movement, or retrotranslocation, of ubiquitinated substrates from the ER lumen or membrane to the cytosol where they are degraded by the 26S proteasome. Multispanning ER membrane proteins, called ERAD-M substrates, are retrotranslocated to the cytosol as fulllength intermediates during ERAD, and we have investigated how they maintain substrate solubility. Using an in vivo assay, we show that retrotranslocated ERAD-M substrates are moved to the cytoplasm as part of the normal ERAD pathway, where they are part of a solely proteinaceous complex. Using proteomics and direct biochemical confirmation, we found that Cdc48 serves as a critical "retrochaperone" for these ERAD-M substrates. Cdc48 binding to retrotranslocated, ubiquitinated ERAD-M substrates is required for their solubility; removal of the polyubiquitin chains or competition for binding by addition of free polyubiquitin liberated Cdc48 from retrotranslocated proteins and rendered them insoluble. All components of the canonical Cdc48 complex Cdc48-Npl4-Ufd1 were present in solubilized ERAD-M substrates. This function of the complex was observed for both HRD and DOA pathway substrates. Thus, in addition to the long known ATP-dependent extraction of ERAD substrates during retrotranslocation, the Cdc48 complex is generally and critically needed for the solubility of retrotranslocated ERAD-M intermediates.
Endoplasmic reticulum (ER) 2 -associated degradation (ERAD) refers to a group of quality control pathways that degrade dam-aged or misfolded ER-localized proteins (1, 2) . ERAD occurs through the ubiquitin-proteasome pathway, by which ubiquitin is attached to ERAD substrates to cause proteasomal degradation (3) (4) (5) . Specifically, multiple copies of ubiquitin are transferred from an E2 ubiquitin-conjugating enzyme (UBC) to the target protein by an E3 ubiquitin ligase, forming multiubiquitin chains that are recognized by the 26S proteasome followed by ATP-dependent unfolding and degradation of the substrate (6) . ERAD is responsible for degradation of a variety of misfolded proteins, including both fully luminal (ERAD-L) and integral membrane (ERAD-M) substrates (7, 8) . ERAD pathways can also degrade a number of normal proteins; the best studied is the essential enzyme HMGR (HMG-CoA reductase). In both yeast and mammals, HMGR undergoes regulated ERAD as part of cellular control of sterol synthesis. In mammals, the lone HMGR enzyme is subject to regulated ERAD; in yeast, the Hmg2 isozyme undergoes regulated degradation, and the Hmg1 isozyme is stable in all conditions (2, 9) .
In Saccharomyces cerevisiae, ERAD is mediated by the HRD (HMG-CoA Reductase Degradation) and DOA (Degradation of ␣ 2) pathways, both of which are conserved in all eukaryotes (1, 2, 4, 11) . In the HRD pathway, the multispanning integral membrane E3 ubiquitin ligase Hrd1 mediates the degradation of numerous substrates, including the normal Hmg2 isozyme (12, 13) . In the DOA pathway, the distinct multispanning integral membrane E3 ligase Doa10 ubiquitinates a large and mostly distinct group of misfolded soluble and membrane proteins, often containing cytosolic determinants of Doa10 recognition (5) .
ERAD pathways present the cell with a spatial challenge. The 26S proteasome resides in the cytosol and connected compartments, along with the E1 ubiquitin-activating enzyme and most E2s. Accordingly, a unifying feature of all ERAD pathways is the requirement for movement of substrates from the ER membrane or lumen to the cytosol for degradation. This transport component of ERAD is broadly referred to as dislocation or retrotranslocation, and it has been known to occur since the earliest studies of ERAD, when it was realized that cytosolic Ubc7 was responsible for the ubiquitin-mediated degradation of luminal ERAD substrate CPY* (14, 15) . Since then, many studies have confirmed the general importance of this process in all ERAD pathways (15) (16) (17) (18) .
Despite intense efforts in studying ERAD, the mechanism(s) and machinery of retrotranslocation remain poorly understood. A unifying feature of retrotranslocation is the requirement of the ATPase Cdc48 (p97 in mammals) as an energy source for substrate removal or extraction from the ER membrane. Cdc48 consists of an N-terminal domain, two ATPase ring domains (D1 and D2), and a C-terminal tail, and it is normally hexameric (19) . In ERAD, Cdc48 is bound to the substrate-binding cofactors Ufd1-Npl4 via its N-terminal domain (20 -22) . The proteins Ufd1 and Npl4 form a complex with the Cdc48 hexamer, allowing for recognition and binding of ubiquitinated substrates and their extraction from the ER membrane. ATP hydrolysis catalyzed by the Cdc48 AAA ATPase D1 and D2 domains powers this extraction process (19, 23) . Malfunction of Cdc48/p97 in recognizing ubiquitinated substrates blocks the retrotranslocation process (16, 24) , and aberrant accumulation of retrotranslocation substrates has been linked to various neurodegenerative diseases such as Alzheimer's, rheumatoid arthritis, and cancer (25). Intriguingly, the retrotranslocation step itself is employed to activate the transcription factor and ERAD substrate Nrf1 by movement of a luminal proteolytic site to a cytosolic protease, resulting in activation by cleavage (26) . Thus, the nature of retrotranslocated ERAD substrates holds great interest in understanding both normal and pathophysiological processes that involve these pathways. Of particular interest is the physical state of retrotranslocated material. Especially for multispanning membrane proteins, the question of how these molecules can be rendered soluble, and the factors or biomolecules that allow stable solubility of these substrates, is an important and open question.
To explore these questions, we focused on the eponymous canonical HRD pathway substrate Hmg2, the ERAD-regulated isozyme of HMGR. Hmg2 is an eight transmembrane-span ERresident membrane protein that can undergo rapid degradation by the HRD pathway (2, 9) . Using an in vitro HRD-dependent ubiquitination assay, we had previously demonstrated HRDand Cdc48-dependent retrotranslocation of full-length Hmg2 to the cytosol where it exists in a soluble form (16) . In the work below, we studied the physical and biochemical state of retrotranslocated Hmg2, in order to understand this poorly characterized segment of the ERAD pathway. We developed a physiologically relevant in vivo retrotranslocation assay to directly examine this degradation intermediate in intact cells, and we have done both biophysical and proteomic studies on in vivo retrotranslocated Hmg2. We found that retrotranslocated Hmg2 was not associated with lipids but rather was associated with protein. Proteomics were used to discover proteins associated with retrotranslocated Hmg2; the most consistent and highest abundance Hmg2 retrochaperone was Cdc48. Biochemical studies confirmed the proteomic results case and showed that all soluble, retrotranslocated Hmg2 was associated with the Cdc48-Ufd1-Npl4 complex. Furthermore, association of Cdc48 with retrotranslocated Hmg2 was required for its stable solubility after retrotranslocation. Finally, this finding was extended to the other principal ERAD pathway, Doa10. Similar to Hmg2, the canonical ERAD-M substrate of Doa10, the multispanning integral membrane substrate Ste6* (also called Ste6-166), was quantitatively associated with Cdc48 when solubilized by retrotranslocation. These results indicate a universal and critical role for the Cdc48 complex in both the movement and the solubility of ERAD-M clients during their destruction in the living cell.
Results
In Vitro Retrotranslocated Hmg2 Is Not Lipid-associated-To gain an understanding of retrotranslocation, we wanted to determine the physical state of retrotranslocated membrane proteins, and the molecules involved in maintaining them in the soluble state. Our laboratory had developed a biologically relevant in vitro retrotranslocation assay using the normally degraded and regulated ERAD-M substrate Hmg2-GFP (16) . The in vitro retrotranslocation assay consists of preparing microsomes from a strain devoid of the main HRD E2 (Ubc7) but expressing the E3 ligase Hrd1 and ERAD-M substrate Hmg2-GFP. These microsomes are mixed with cytosol from cells not expressing Hmg2-GFP but expressing the missing E2 Ubc7 to initiate in vitro HRD-dependent ubiquitination and retrotranslocation of Hmg2-GFP. After a reaction period, the entire mixture is centrifuged for 1 h at 20,000 ϫ g to discern retrotranslocated, ubiquitinated Hmg2-GFP present in the soluble fraction (S20) from the portion of ubiquitinated Hmg2 that remains in the membrane (P20). The ubiquitinated Hmg2-GFP in each fraction is assayed by solubilization and immunoprecipitation with anti-GFP antibodies, followed by SDS-PAGE and immunoblotting for ubiquitinated material (␣-Ub) or Hmg2-GFP (␣-GFP) ( Fig. 1A) . As described previously, the soluble ubiquitinated Hmg2 is the portion that has been retrotranslocated and remains soluble even after ultracentrifugation at 100,000 ϫ g (see below) (16) . Soluble retrotranslocated Hmg2-GFP is full length, and it can be recovered as such by stripping off the attached ubiquitin with ubiquitin protease Usp2 catalytic core (Usp2Core, Fig. 1B ). Importantly, in vitro Hmg2-GFP retrotranslocation requires functional Cdc48, as demonstrated by using a strain with the cdc48-3 hypomorph as the source of microsomes or cytosol. In this assay, the principal contribution is from the cytosol, but use of both cdc48-2 microsomes and cytosol causes complete block of retrotranslocation ( Fig. 1C ). Furthermore, hydrolysis of the ␥-phosphate bond of ATP (note: ubiquitination requires the ␣-bond) and the Hrd1dependent ubiquitination of the Hmg2-GFP substrate are both required for retrotranslocation as well (16) . Fig. 1 , A-C, recapitulates the in vitro retrotranslocation assay as characterized in detail previously (16) . We used this assay as a starting point for understanding the biochemical nature of retrotranslocated ERAD-M substrates.
We suspected that specific proteins, which we term "retrochaperones," are required for the surprising solubility of retrotranslocated full-length Hmg2-GFP, as has been shown for the Ste6* (also called Ste6-166) DOA10 pathway substrate (27) . Nevertheless, it remained formally possible that lipids were involved in solubilizing Hmg2 by formation of micelles and/or lipid droplet-like particles (28, 29) . To address this, we isolated in vitro retrotranslocated Hmg2-GFP and analyzed it by ultracentrifugal flotation to evaluate its association with lipids. Briefly, the supernatant (S20) from the in vitro retrotranslocation assay, containing ubiquitinated soluble Hmg2-GFP, was mixed with a dense sucrose solution (2.4 M), placed in a centrifuge tube, and overlaid with steps of sucrose solutions of progressively lower densities ( Fig. 1D ). This tube was then subjected to overnight ultracentrifugation to evaluate hydrodynamic properties of the retrotranslocated Hmg2-GFP. Fractions were removed across the gradient, immunoprecipitated with anti-GFP antibodies, and immunoblotted for ubiquitination to ascertain the position in the gradient of retrotranslocated Hmg2-GFP. Various control proteins were also evaluated in the gradients by immunoblotting the same fractions to establish the veracity of the buoyancy analysis (Fig. 1D ). The soluble cytoplasmic enzyme PGK remained in the lower fractions (7) (8) (9) (10) (11) (12) (13) , whereas the membrane-associated ER-resident integral membrane protein Sec61 floated to higher fractions (4 -6) . The retrotranslocated Hmg2-GFP showed mobility coincident with PGK suggesting that in vitro retrotranslocated Hmg2-GFP is not associated with lipids; rather, it appeared to be proteinaceous. To further explore this idea, we next developed an in vivo assay for higher physiological veracity.
In Vivo Hmg2-GFP Retrotranslocation Assay-The above studies indicated that soluble retrotranslocated Hmg2-GFP was not associated with lipids. This was observed in the in vitro assay, which is powerful and highly accessible for manipulation of reaction conditions, but it employs overexpressed Hrd1 to drive the reaction (16) . Both sterol pathway regulation and the absolute requirement for Hrd3 observed in vivo are lost in vitro. In addition, the effects of null mutations in the post-ubiquitination adaptors Rad23 and Dsk2 cause an in vitro block to retrotranslocation not predicted by in vivo studies (16) . Accordingly, to study Hmg2 in a more physiological context, we developed an in vivo retrotranslocation assay, based on earlier work on ERAD-L substrates (30) . Untreated intact cells in which Hmg2-GFP was undergoing sterol pathway-dependent degradation were lysed without detergent, and lysates were ultracentrifuged to separate membrane-bound from retrotranslocated, ubiquitinated Hmg2-GFP. After ultracentrifuga-FIGURE 1. In vitro retrotranslocated Hmg2 does not associate with lipids. A, in vitro retrotranslocation of Hmg2-GFP. Microsomes were prepared from ⌬hrd1 strains expressing TDH3 pr -Hmg2-GFP and TDH3 pr -Hrd1. Cytosol was prepared from strains expressing TDH3 pr -UBC7 or no Ubc7 (⌬ubc7). To initiate ubiquitination and retrotranslocation of Hmg2-GFP, microsomes and cytosol were mixed, and the reaction was centrifuged to discern ubiquitinated Hmg2-GFP that either has been retrotranslocated into the S20 S or remained in the membrane P20 P. T, total. Following fractionation, Hmg2-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE, and immunoblotted for ubiquitin or Hmg2-GFP. B, full-length Hmg2-GFP retrotranslocated in vitro. Supernatant fraction isolated from in vitro retrotranslocation assay as described above was incubated with buffer or Usp2Core for 1 h at 37°C. Full-length Hmg2-GFP was immunoprecipitated and immunoblotted for ubiquitin or Hmg2-GFP. C, in vitro retrotranslocation of Hmg2-GFP required Cdc48. In vitro retrotranslocation was a carried out as described above. Different combinations of WT of cdc48-2 prepared from microsomes (MIC) and cytosol (CYT) were mixed to evaluate the Cdc48 contribution to Hmg2-GFP retrotranslocation. D, in vitro retrotranslocated Hmg2-GFP does not associate with lipids. Crude lysate or S100 supernatant containing retrotranslocated Hmg2-GFP was prepared, layered at the bottom of the centrifuge tube, and subjected to ultracentrifugation as described under "Experimental Procedures." Aliquots were removed from the top to the bottom of the sucrose gradient, and each fraction was directly immunoblotted for Sec61 and PGK with anti-Sec61 or anti-PGK, respectively, or immunoprecipitated with anti-GFP and immunoblotted for ubiquitinated Hmg2-GFP with antiubiquitin. WB, Western blot. tion, ubiquitinated Hmg2-GFP was immunoprecipitated from the S fraction using anti-GFP antibodies and was detected by ubiquitin immunoblotting. The pellet was solubilized and analyzed by anti-GFP IP and immunoblotting as well. As expected from the in vitro results, a substantial fraction of the ubiquitinated Hmg2-GFP was soluble ( Fig. 2A, lanes 1 and 2) . This indicated that there was an extant ambient level of soluble retrotranslocated material en route to the proteasome in normal conditions. Consistent with this idea, addition of proteasome inhibitor MG132 caused a buildup of ubiquitinated Hmg2-GFP in both the P and S fraction, because ubiquitination and retrotranslocation could proceed to a larger extent when the proteasome was blocked ( Fig. 2A, lanes 3 and 4) .
Use of the in vivo assay preserved sterol pathway regulation of Hmg2 stability. As shown previously, the 20-carbon sterol pathway molecule geranylgeranyl pyrophosphate (GGPP) is an endogenous regulator of Hmg2-GFP that stimulates increased Hmg2 ubiquitination and degradation (31) . Addition of GGPP to cells along with proteasome inhibitors caused further increased ubiquitination of Hmg2-GFP and increased appearance of ubiquitinated Hmg2-GFP in the S fraction ( Fig. 2A , lanes 5 and 6). In all these conditions, retrotranslocated, ubiquitinated Hmg2-GFP was only found in the S fraction when Cdc48 was functional; strains with the cdc48-2 hypomorphic allele showed a nearly complete block in retrotranslocation of Hmg2-GFP in all three conditions (untreated, MG132, and MG132 ϩ GGPP) but no effect on the extent of total ubiquitination caused by the additions ( Fig. 2A, lanes [7] [8] [9] [10] [11] [12] .
We confirmed that the ubiquitinated Hmg2-GFP in the in vivo assay supernatant was full length by stripping the immunoprecipitated material with the Usp2Core ubiquitin protease and blotting for GFP after SDS-PAGE; full-length Hmg2-GFP was recovered in the soluble fraction ( Fig. 2B ) in both untreated cells and those with maximal signal due to treatment with MG132 and GGPP.
We further characterized the in vivo retrotranslocation assay by examining the effects of a variety of ERAD mutants, using cdc48-2 as a positive control (Fig. 2C, lanes 5-8) . The historic ERAD mutant hrd2-1 is an allele of the 26S proteasome base subunit Rpn1 that is strikingly deficient in Hmg2 degradation (13) . As expected, in an hrd2-1 strain, there was increased total ubiquitination of Hmg2-GFP and more accumulation in the soluble fraction compared with WT. Moreover, the signal intensity in each fraction was greater still when MG-132 was added to the hrd2-1 strain due to further inhibition of the proteasome (Fig. 2C, lanes 9 -12) . In cells lacking Ubc7, the principal HRD pathway E2 (30), Hmg2-GFP was not ubiquitinated, and so no retrotranslocated Hmg2-GFP was generated (Fig. 2C,  lanes 13 and 14) . Finally, previous in vivo studies implicated a set of adaptor proteins Rad23 and Dsk2 for facilitating transfer FIGURE 2. In vivo retrotranslocated soluble Hmg2-GFP was full length. A, GGPP induced ubiquitination and retrotranslocation of Hmg2-GFP. WT and cdc48-2 strains were grown to log phase and treated with different combinations of MG132 (25 g/ml) and GGPP (11 M). Crude lysate was prepared from each strain and ultracentrifuged to discern ubiquitinated Hmg2-GFP that either has been retrotranslocated into the soluble fraction (S) or remained in the membrane (P). Following fractionation, Hmg2-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE, and immunoblotted for ubiquitin and Hmg2-GFP. B, full-length Hmg2-GFP retrotranslocates into soluble fraction in vivo. S100 supernatant containing retrotranslocated Hmg2-GFP was isolated from in vivo retrotranslocation assay and incubated in the presence or absence of Usp2Core for 1 h at 37°C. Full-length Hmg2-GFP was immunoprecipitated and immunoblotted for ubiquitin or Hmg2-GFP. C, in vivo retrotranslocation of Hmg2-GFP requires Cdc48. Same as A except WT, cdc48-2, hrd2-1, and ⌬ubc7 were used and treated with vehicle or MG132 (25 g/ml). D, in vivo retrotranslocation of Hmg2-GFP does not require proteasome shuttle factors Rad23/Dsk2. Same experiment as C except ⌬rad23⌬dsk2 strain was included.
of ubiquitinated ERAD substrates to the proteasome (33, 34) . In double null cells lacking both Rad23 and Dsk2, there was a predicted greater percentage of ubiquitinated Hmg2-GFP in the soluble fraction compared with WT, and no block in retrotranslocation ( Fig. 2D ). Taken together, these characterization studies indicated that the in vivo assay adhered to the current model of ERAD-M removal from the ER membrane (16, 17, 35) . The retrotranslocation of full-length Hmg2-GFP occurred normally during Hrd-dependent degradation, and both ubiquitination and functional Cdc48 were required for Hmg2-GFP retrotranslocation, whereas the proteolysis and Rad23/Dsk2 were involved in steps downstream of membrane extraction. We proceeded with our studies on the nature of retrotranslocated Hmg2-GFP using this high fidelity in vivo assay.
Ubiquitinated mammalian HMGR has been reported to collect on the surface of the ER pending movement to the proteasome (36) . Accordingly, we tested the degree to which ubiquitinated and membrane-associated Hmg2-GFP had retained its integral protein status. We asked whether any of the ER-associated, ubiquitinated Hmg2-GFPs were similarly tightly bound to the outer ER surface and thus extractable by chemical means. To discern integral membrane, ubiquitinated Hmg2-GFP from surface-bound material, we used carbonate (CO 3 2Ϫ ) extraction over the pH range 10.5 to 12.5, because integral membrane proteins are far less extractable than extrinsic ones ( Fig. 3A ) (37) . Pellet fractions from strains expressing Hmg2-GFP or control proteins were subject to treatment with 0.2 M Na 2 CO 3 2Ϫ carbonate buffers at the indicated pH values and then were centrifuged and analyzed by immunoblotting to evaluate liberation by the treatment. The majority of integral membrane pro-tein Hrd1 remained in the pellet until pH 12-12.5. Tail-anchored protein KWW and non-covalently anchored (via Cue1) E2 Ubc7 showed similar intermediate patterns remaining mostly in the pellet until pH 11.5. Like Hrd1, non-ubiquitinated Hmg2-GFP remained in the pellet fraction until a pH above 12, as expected from its eight-spanning anchor. In striking contrast, ubiquitinated Hmg2-GFP that was pellet-associated show a substantial fraction that was liberated at pH 11.5, ϳ30% of the total membrane-associated material (Fig. 3B ). The presence of this surface-bound retrotranslocated Hmg2-GFP was fully dependent on active Cdc48; in an identical experiment in a cdc48-2 mutant, no ubiquitinated Hmg2-GFP was extracted from the pellet at the same pH. Taken together, these studies show that the retrotranslocation of full-length ubiquitinated Hmg2-GFP occurs at normal levels of all HRD components and is part of degradation over the broad range of half-lives possible with this regulated substrate. Furthermore, Cdc48 is required for the initial removal of ubiquitinated Hmg2 from the ER membrane, rather than extraction from a surface-bound pool that has undergone retrotranslocation.
In Vivo Retrotranslocated Hmg2-GFP Is Not Lipid-associated-The in vitro retrotranslocation assay clearly shows that soluble ubiquitinated Hmg2-GFP is not lipid-associated. We next performed the same analysis on retrotranslocated Hmg2-GFP produced in the newly characterized in vivo assay. Cells were treated with the proteasome inhibitor MG132 and Hmg2 degradation regulator GGPP to maximize retrotranslocated material. After lysis and ultracentrifugation, the S100 supernatant bearing soluble retrotranslocated Hmg2-GFP was subjected to sucrose density gradient analysis as above ( Fig. 4 ), again using soluble PGK and integral ER-membrane protein Sec61 as gradient controls. As expected, PGK remained in the lower fractions, whereas membrane-associated Sec61 and ER-localized and ubiquitinated Hmg2-GFP (from the P fraction of the retrotranslocation assay) floated to higher fractions (2, 4 -9), as expected for integral membrane proteins. Conversely, the distribution of retrotranslocated, ubiquitinated Hmg2-GFP from the S fraction coincided with PGK indicating that in vivo retrotranslocated Hmg2-GFP consisted of protein and was not lipid-associated.
Multispanning DOA Pathway Substrate Ste6* Behaves Identically to HRD Substrate Hmg2-GFP-A recent study by Nakatsukasa and Kamura (27) was conducted on the physical state of retrotranslocated integral membrane ERAD substrate Ste6*-3HA (also called Ste6-166-3HA), which is degraded by the distinct DOA pathway through the action of the Doa10 E3 ligase. Although Ste6*-3HA is also a multispanning integral membrane protein, its biochemical behavior after retrotranslocation was reported to be different from our observations of Hmg2-GFP, in what appeared to be a very similar assay. Unlike retrotranslocated Hmg2 in our studies (see above) (16), retrotranslocated Ste6*-3HA that was soluble in a 20,000 ϫ g spin (in the S20 fraction) was reported to be fully precipitated upon further centrifugation at 100,000 ϫ g. This observation suggested an intermediate of retrotranslocated Ste6*-3HA that was not completely soluble. Because the downstream segments of the HRD and DOA pathways are thought to converge on retrotranslocation, a difference between these apparently similar substrates could be an important clue about differences in retrotranslocation mechanisms used in these distinct ERAD pathways. Accordingly, we included this DOA substrate to directly compare retrotranslocation of Hmg2-GFP and Ste6*-3HA in our assay ( Fig. 5, A and B) . Upon centrifugation at 20,000 ϫ g, similar fractions of retrotranslocated, ubiquitinated Hmg2-GFP or Ste6*-3HA were found in the soluble fraction (S20) ( Fig. 5 , A, lane 2, and B, lane 2). However, in our assay, when the S20 fraction was then ultracentrifuged at 100,000 ϫ g, both ubiquitinated Hmg2-GFP and Ste6*-3HA remained completely soluble (S100), showing no enrichment in the pellet fraction (P100) ( Fig. 5, A, lane 4, and B, lane 4) . As expected, in retrotranslocation-deficient cdc48-2 cells, both substrates remained in the pellet fraction (P20) ( Fig. 5 , A, lanes 5-8, and B, lanes [5] [6] [7] [8] . Importantly, removal of ubiquitin from the soluble Ste6*-3HA with Usp2Core led to recovery of the full-length 12 membrane spanning protein (S100; Fig. 5C ). Thus, as far as we can tell, the two pathway substrates behave in an identical manner in our in vivo retrotranslocation assay, such that complete Cdc48-dependent removal of each full-length substrate from the ER membrane to a soluble form appears to occur. We also observed the same behavior for Ste6*-3HA-GFP (data not shown). We next endeavored to understand the proteins that allow solubility of retrotranslocated multispanning ERAD-M substrates.
Proteomic Analysis of Proteins Associated with Retrotranslocated Hmg2-GFP-Our observation of retrotranslocated Hmg2-GFP being protein-associated demanded analysis of the accompanying proteins that allow an eight-spanning ERAD-M substrate to exist in a soluble and unaggregated state. To identify these potential retrochaperones, we used an unbiased proteomics approach. We maximized the amount of retrotranslocated material in the S fraction by treating with proteasome inhibitor MG132 and degradation stimulus GGPP, and we increased the number of cells used to 30 OD units. The ultracentrifuged S fraction was subjected to preparative anti-GFP coimmunoprecipitation (Co-IP) using GFP-Trap affinity beads in the absence of detergent to capture retrotranslocated, ubiquitinated Hmg2-GFP and any associated proteins. As controls, Co-IPs was performed on S fractions from otherwise identical strains not expressing Hmg2-GFP and strains expressing cytosolic GFP. Following Co-IP, low pH eluted proteins were digested with trypsin and subjected to LC-MS/MS analysis. We performed mass spectrometry-based analysis of retrotranslocated Hmg2-GFP association three independent times. The first two were done with more stringent IP conditions ( Fig. 6A and Table 1 ), whereas the last sample was isolated using conditions that favored more weakly associated candidates (data not shown). We identified a number of proteins that interacted with Hmg2-GFP (as defined by Ն1.5-fold enrichment over control IPs ( Fig. 6A and Table 1 ). Notably, the hexameric ATPase Cdc48 emerged as the most prominent protein associated with retrotranslocated Hmg2-GFP in all replicates compared with control IPs (highlighted in red; Fig. 6A ). In addition to the Cdc48, we identified other Hmg2-GFP-interacting proteins, Crude lysate or S100 supernatant and P100 pellet were prepared, layered at the bottom of a centrifuge tube, and subjected to ultracentrifugation as described under "Experimental Procedures." Aliquots were removed from the top to the bottom of the sucrose gradient, and each fraction was either directly immunoblotted for Sec61 and PGK with anti-Sec61 or anti-PGK, respectively, or immunoprecipitated with anti-GFP and immunoblotted for ubiquitin and Hmg2-GFP. WB, Western blot. FIGURE 5. Ste6-166 retrotranslocates identically as Hmg2-GFP. A, retrotranslocated Ste6* remains soluble in the S100 fraction. Crude lysate from WT and cdc48-2 strains expressing Ste6*-3HA were centrifuged at 20,000 ϫ g at 4°C to yield membrane fraction (P20) and supernatant fraction (S20). S20 supernatant was further ultracentrifuged at 100,000 ϫ g at 4°C to yield membrane fraction (P100) and supernatant fraction (S100). Ste6*-3HA was immunoprecipitated from all fractions with anti-HA (Covance), resolved on 8% SDS-PAGE, and immunoblotted with anti-HA for Ste6*-3HA or anti-ubiquitin for ubiquitinated Ste6*-3HA. Retrotranslocated Hmg2-GFP remains in the S100 fraction. B, same as A except WT and cdc48-2 strains expressing Hmg2-GFP were used instead. C, full-length Ste6* retrotranslocates into the S100 fraction. S100 supernatant was incubated in the presence or absence of Usp2Core for 1 h at 37°C. Ste6*-3HA was immunoprecipitated with polyclonal anti-HA and immunoblotted with anti-HA and anti-Ub.
including known components of the ubiquitin proteasome pathway. These included the Cdc48 cofactor (highlighted in purple) and components of the 20S proteasome (highlighted in blue) (Fig. 6A ). Some intriguing candidate Hmg2-GFP-inter-acting proteins were identified in only a subset of replicate experiments (Fig. 6A , marked by asterisks), including Get3, a member of the Get complex known to interact with tail-anchored proteins to ferry their hydrophobic cargos to the ER FIGURE 6. Cdc48 is the main interacting protein of retrotranslocated Hmg2-GFP. A, S100 supernatant containing retrotranslocated Hmg2-GFP and control strains not expressing Hmg2-GFP or expressing cytosolic GFP were precipitated with GFP-Trap beads. Following Co-IP, low pH-eluted proteins were digested with trypsin and subjected to LC-MS/MS analysis. A representative bar graph from the first two runs of mass spectrometry analysis was generated to include fold enrichment for corresponding proteins, which reflects the relative enrichment of spectral counts for interacting proteins versus the beads only and cytosolic GFP control. Proteins with Ն1.5-fold enrichment over controls in the mass spectra were included. Note: Hmg2-GFP is highlighted in green; Cdc48 is highlighted in red; proteasome subunits are highlighted blue, and Cdc48 cofactors are highlighted in purple. B, Hmg2-GFP Co-IPs with Cdc48. Strains expressing the indicated proteins were grown, and equal amounts were harvested. S100 supernatant was prepared as described under "Experimental Procedures" and immunoprecipitated with GFP-Trap to pull down retrotranslocated Hmg2-GFP. The precipitates were resolved on 8% SDS-PAGE and immunoblotted for ubiquitinated Hmg2-GFP and Cdc48. C, Hmg2-GFP Co-IPs with Npl4 and Ufd1. Same as B except Hmg2-GFP precipitates were resolved on 8% SDS-PAGE and immunoblotted for Npl4 and Ufd1. D, Ste6*-3HA-GFP Co-IPs with Cdc48. Same as B except strains expressing Ste6*-3HA-GFP were used for immunoprecipitation with GFP-Trap followed by immunoblotting for Cdc48. E, same as D except Ste6*-3HA-GFP precipitates were resolved and immunoblotted for Npl4 and Ufd1-SBP.
surface while avoiding the indignity of aggregation. These results indicate a number of candidates involved in retrochaperoning Hmg2-GFP, which we directly tested in the biochemical studies below.
Cdc48 as an ERAD-M Retrochaperone-We investigated the highest ranking candidates from the proteomic studies to discern the factors directly involved in Hmg2-GFP retrotranslocation ( Fig. 6A ). We confirmed an interaction between Cdc48 and retrotranslocated Hmg2-GFP. After preparation of S100 as above, retrotranslocated Hmg2-GFP was immunoprecipitated by GFP-Trap Co-IP in non-detergent conditions, and affinitypurified material was directly analyzed by immunoblotting. A substantial fraction of Cdc48 (ϳ10% of input) co-purified with retrotranslocated Hmg2-GFP, whereas no Cdc48 co-purified with immunoprecipitated cytosolic GFP (Fig. 6B ).
Cdc48 performs its known ERAD functions while associated with Npl4 and Ufd1 (20, 21) . Ufd1, but not Npl4, was detected in the lower stringency proteomics experiment, although with substantially fewer spectral counts for this single copy component in comparison with the hexameric Cdc48. We used a strain expressing a Ufd1-streptavidin-binding peptide fusion (Ufd1-SBP) to confirm its association with retrotranslocated Hmg2-GFP. Upon anti-GFP precipitation of retrotranslocated Hmg2-GFP, coprecipitated Ufd1-SPB was detected with anti-Ufd1 antibody (Fig. 6C) . Because Npl4 is also involved in Cdc48dependent ERAD, we also directly tested it for association with retrotranslocated Hmg2-GFP. Retrotranslocated Hmg2-GFP was precipitated with GFP-Trap followed by immunoblotting with anti-Npl4 polyclonal antibody (Fig. 6C ), clearly showing that Npl4 was also associated with retrotranslocated Hmg2-GFP despite its absence in the proteomics studies. Thus, each member of the Cdc48-Ufd1-Npl4 complex was bound to retrotranslocated Hmg2-GFP.
We next performed the same association studies on the DOA pathway ERAD-M substrate Ste6*-3HA-GFP. The GFP version of Ste6*-3HA behaved identically to Ste6*-3HA used in the studies above. Immunoprecipitation of retrotranslocated Ste6*-3HA-GFP with GFP-Trap beads similarly coprecipitated Cdc48 (Fig. 6D) , as well as Ufd1-SPB or Npl4 (Fig. 6E ). The above results implied a critical role for the Cdc48 complex as a general retrochaperone for ERAD-M substrates from both the HRD and DOA pathways.
If Cdc48 is important for allowing retrotranslocated Hmg2-GFP to remain soluble, then we would predict that all of the soluble Hmg2-GFP should be associated with Cdc48. To test this idea, we performed a reverse coprecipitation experiment, removing Cdc48 by precipitation, and evaluated both association of Hmg2-GFP and the degree to which the retrotranslocated Hmg2-GFP was cleared from the supernatant. We employed a functional N-terminal protein A fusion of Cdc48 (ProtA-Cdc48) to facilitate high affinity capture. We developed a strain expressing the ProtA-Cdc48 fusion as the only source of Cdc48 to ensure complete removal of Cdc48. Importantly, this strain was viable and not temperature-sensitive. Furthermore, Hmg2-GFP in the ProtA-Cdc48 strain was normally degraded and regulated (Fig. 7B) . These tests all confirm that the ProtA fusion expressed as the sole form of Cdc48 was fully functional (Fig. 7A) .
We used the strain expressing only ProtA-Cdc48 to evaluate the extent to which retrotranslocated Hmg2 is associated with Cdc48. The soluble lysates (S100 supernatant) from retrotranslocation assays run in the ProtA-Cdc48 strain or a control untagged Cdc48 strain were affinity-precipitated with IgG beads to clear the ProtA-Cdc48 and then blotted for Cdc48 itself or for coimmunoprecipitated Hmg2-GFP (Fig. 7C) . To improve detection, we took advantage of the ability to collapse the ubiquitinated Hmg2-GFP immunoreactivity into a single band by pre-treatment with Usp2Core. The coprecipitation supernatant was also evaluated for unbound Cdc48 or Hmg2-GFP. As expected from the previous coprecipitation, retrotranslocated Hmg2-GFP was associated with the bead-bound ProtA-Cdc48 (Fig. 7C, top row) . Moreover, all the soluble Hmg2-GFP was found in the bead pellet, with none remaining in the soluble fraction. The identical experiment with the FEBRUARY 24, 2017 • VOLUME 292 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3119 FIGURE 7 . All retrotranslocated Hmg2-GFP and Ste6-166 is bound to Cdc48 complex. A, ProtA-Cdc48 complements endogenous Cdc48. Strains containing CDC48, ProtA-CDC48, or cdc48-2 were compared for growth by dilution assay. Each strain was spotted at 5-fold dilutions on YPD, and plates were incubated at 30 and 37°C. ProteinA-Cdc48 complements endogenous Cdc48 in ERAD of Hmg2-GFP. B, indicated strains expressing Hmg2-GFP were grown into log phase, and degradation was measured by a CHX chase. After CHX addition, cells were lysed at the indicated times and analyzed by SDS-PAGE and immunoblotting for Hmg2. C, strains expressing the indicated proteins were grown, and equal amounts were harvested. S100 supernatant was prepared as described under "Experimental Procedures" and immunoprecipitated with IgG-Sepharose to pull down ProtA-Cdc48. As a control, 5% of input was withdrawn, and the rest of the lysate was incubated with IgG-Sepharose. The Sepharose beads were washed, and bound proteins (B) were eluted with 2ϫ USB. To assess the effectiveness of binding, the unbound S was also included. Samples were resolved on 8% SDS-PAGE and immunoblotted for Cdc48 with anti-Cdc48. Blotting for Hmg2-GFP with anti-GFP required treatment of all samples with Usp2Core prior to resolving on SDS-PAGE. D, same as C except S100 supernatant was immunoprecipitated with polyclonal anti-Npl4. As a control, polyclonal antibody against PGK was also used. Samples were resolved on 8% SDS-PAGE and immunoblotted for Hmg2-GFP with anti-GFP. E, same as C except S100 supernatant was immunoprecipitated with streptavidin beads to capture Ufd1-SBP. Samples were resolved on 8% SDS-PAGE and immunoblotted for Hmg2-GFP with anti-GFP and Ufd1-SBP with anti-Ufd1. F, same as C except Ste6*-3HA-GFP was analyzed for immunoprecipitation with ProtA-Cdc48. G, S100 supernatant was immunoprecipitated with polyclonal anti-Npl4. As a control, polyclonal antibody against PGK was also used. Samples were resolved on 8% SDS-PAGE and immunoblotted for Ste6*-3HA-GFP with anti-GFP. H, same as C except S100 supernatant was immunoprecipitated with streptavidin beads to capture Ufd1-SBP. Samples were resolved on 8% SDS-PAGE and immunoblotted for Ste6*-3HA-GFP with anti-GFP and Ufd1-SBP with anti-Ufd1.
Retrochaperone Function for Cdc48
untagged Cdc48 strain caused no capture of retrotranslocated Hmg2-GFP ( Fig. 7C, right panel) , such that it all remained soluble. It is worth noting that a variable portion of ProtA-Cdc48 does not precipitate with anti-IgG beads, whereas the Cdc48 that is bead-associated captures all of the Hmg2-GFP. In all likelihood, this small fraction of non-precipitated ProtA-Cdc48 is non-functional and misfolded, and so it does not bind to either IgG beads or retrotranslocated substrate. We similarly tested Npl4 or Ufd1 for the extent of retrotranslocated Hmg2-GFP association with these factors by the same approach. To test Npl4, a retrotranslocation S100 fraction was immunoprecipitated with polyclonal ␣-Npl4 antibodies. All of the retrotranslocated Hmg2-GFP were coprecipitated (Fig. 7D , ␣-Npl4), whereas none were captured when a control polyclonal antibody against PGK was used instead of anti-Npl4 (Fig. 7D , ␣-PGK). Similarly, an S100 fraction from a retrotranslocation assay performed on the Ufd1-SBP-expressing strain was precipitated with streptavidin beads to capture all of the Ufd1-SPB. Precipitation with streptavidin concomitantly caused complete clearance of all the retrotranslocated Hmg2-GFP (Fig. 7E , Ufd1-SBP), whereas an identical experiment from a strain with untagged Ufd1 captured no Hmg2-GFP (Fig. 7E, Ufd1) .
We also tested retrotranslocated Doa10 substrate Ste6*-3HA-GFP for the degree of association with Cdc48 complex members. A ProtA-Cdc48 strain expressing Ste6*-3HA-GFP was subjected to the in vivo retrotranslocation assay and immunoprecipitation with IgG beads to capture Cdc48. The same results were observed as follows: removal of ProtA-Cdc48 specifically and completely removed retrotranslocated Ste6*-3HA-GFP from the supernatant (Fig. 7F) , whereas no Ste6* was captured in an identical experiment in a strain with untagged Cdc48. Identical results were obtained in coprecipitation experiments with Npl4 or Ufd1-SPB (Fig. 7, G and H) ; full clearance of retrotranslocated Ste6* occurred by affinity precipitation of either factor. Taken together, these clearance experiments show that the Cdc48-Ufd1-Npl4 complex is quan-titatively associated with retrotranslocated ERAD-M substrates from both major ERAD pathways, appropriate for a role in maintaining the solubility of ERAD-M substrates on their way to 26S destruction.
We examined a variety of other high scoring candidates from the proteomic analysis to evaluate their importance in retrotranslocation or degradation of Hmg2-GFP. This included Ydj1, Rtn1, Yra1, Get3, and Shp1 (indicated as asterisks in Fig.  6A ). None of those tested, despite compelling roles in related processes, such as Get3 (38) , showed any effect on Hmg2-GFP degradation. Taken together, upon dislocating from the ER, virtually all solubilized ERAD-M substrate is associated with the Cdc48 complex, indicating this hexamer is a major retrochaperone for solubilized ubiquitinated ERAD-M substrates. We next focused on the nature and function of its consistent and complete association with retrotranslocated ERAD-M substrates.
Nature and Function of Cdc48 Binding to Retrotranslocated Hmg2-Cdc48 binds to ubiquitinated proteins in a wide variety of circumstances (6, 24, 39, 40) . The hexameric ATPase is thought to supply energy for removal of these substrates from membranes or proteinaceous complexes for eventual delivery to the proteasome or other cellular fates (41) (42) (43) . Hence, Cdc48 has been termed a ubiquitin-dependent dislocase. The structure of the Npl4/Ufd1 subunits in the canonical Cdc48 complex includes polyubiquitin-binding sites that allow high affinity association with multiubiquitin chains (40) . Because retrotranslocated Hmg2-GFP must be ubiquitinated to undergo this process, we explored the degree to which this critical modification was important for the interaction of soluble, retrotranslocated Hmg2-GFP with Cdc48. We first tested the effects of simply removing the chains on Hmg2-GFP/Cdc48 association. GFP-Trap precipitation was performed on retrotranslocated Hmg2-GFP, followed by ubiquitin stripping of the bead-captured substrate with Usp2Core ubiquitin protease to remove the covalently added ubiquitin (Fig. 8A) . Removal of the mul- (Fig. 6 ) except GFP-Trap-captured retrotranslocated Hmg2-GFP was resuspended in 100 l of XL buffer, treated with buffer or (5 g) Usp2Core, and incubated for 1 h at 37°C. GFP-Trap-agarose beads were washed twice with IPB buffer, washed once with IPW buffer, and aspirated to dryness. The precipitates were resuspended in 2ϫ USB, resolved on 8% SDS-PAGE, and immunoblotted for ubiquitinated Hmg2-GFP and Cdc48. Hmg2 is no longer soluble upon removal of ubiquitin chains. B, left panel, S100 supernatant was prepared as described under "Experimental Procedures" and was ultracentrifuged to discern ubiquitinated Hmg2-GFP that is either in the insoluble fraction (P) or in the soluble fraction (S). Following ultracentrifugation, both P and S fractions were treated with Usp2Core, and Hmg2-GFP was immunoprecipitated from both fractions, resolved on 8% SDS-PAGE, and immunoblotted for ubiquitin and Hmg2-GFP. Right panel, same as above except Usp2Core was added to supernatant fraction prior to ultracentrifugation. SM, starting material.
tiubiquitin chains resulted in the release of ϳ90% of the bound Cdc48 from the bead-trapped Hmg2-GFP, indicating the expected function for attached ubiquitin in the association of Cdc48 with retrotranslocated Hmg2-GFP.
One hypothesis for Cdc48's role as a retrochaperone is that it is required for solubility of the retrotranslocated substrates. We next tested whether removal of the Cdc48 by ubiquitin stripping affects the solubility of retrotranslocated Hmg2-GFP. We first used the Usp2Core ubiquitin protease to remove the multiubiquitin from retrotranslocated Hmg2-GFP, and we tested its solubility; ultracentrifuged lysate with retrotranslocated Hmg2-GFP was treated with Usp2Core or buffer, followed by subsequent ultracentrifugation and analysis of its presence in the S100 or P100 fractions (Fig. 8B, left) . An identical sample of retrotranslocated Hmg2-GFP was processed in reverse order; it was first ultracentrifuged and then Usp2Core-treated (Fig. 8B,  right) . Comparison of these two conditions showed that ubiquitinated Hmg2-GFP remained in the soluble fraction, whereas Hmg2-GFP that has been deubiquitinated with Usp2Core was rendered insoluble.
Removal of the ubiquitin chains from retrotranslocated Hmg2-GFP caused loss of both the covalently bound ubiquitin and the associated Cdc48, resulting in concomitant loss of Hmg2-GFP solubility. We next tested whether removal of only Cdc48 from retrotranslocated Hmg2-GFP would similarly affect solubility. Because the Cdc48 complex binds polyubiquitin chains, we tested the effect of adding commercially available free polyubiquitin chains on the association of Cdc48 with Hmg2-GFP and on the solubility of the retrotranslocated substrate. Direct addition of Lys-48-linked polyubiquitin (5 M total Ub, 2-7 unit chain length) to the S100 supernatant for 1 h completely blocked the association of Cdc48 with retrotranslocated Hmg2-GFP as assessed by GFP-Trap coprecipitation (Fig. 9A ). Furthermore, this treatment caused the Hmg2-GFP to become completely insoluble; after the same 1-h incubation with 5 M polyubiquitin, the Hmg2-GFP was entirely pelleted by ultracentrifugation (Fig. 9B, right) but totally soluble in an identical experiment using buffer without added polyubiquitin (Fig. 9B, left) .
During these polyubiquitin addition experiments, we noted a technical aspect that indicated a structural feature of retro-translocated Hmg2-GFP. We found that the plastic centrifuge tubes used during the incubation required coating with BSA to prevent loss of the dislocated, soluble ubiquitinated Hmg2-GFP. If BSA coating was not included, the Cdc48-dissociated and ubiquitinated Hmg2-GFP was not recoverable from the pellet fraction (Fig. 9B, right) . We interpreted this to mean that when the Cdc48 is removed by competition with the polyubiquitination, the resulting Hmg2-GFP is quite prone to interaction with hydrophobic surfaces such as unblocked plastic tube walls. This is reminiscent of the affinity that naked proteins show for untreated plastic that is so useful in solid state immunoassays (44) . Although qualitative, the behavior of Hmg2-GFP when freed of Cdc48 is consistent with exposed hydrophobic regions that would be expected for an eight-spanning membrane protein wrested from this comfortable membrane roost.
Discussion
In this work we sought to discover the retrochaperones that allow multispanning membrane proteins to remain soluble after retrotranslocation during ERAD. Our initial buoyant density studies performed with our established in vitro ERAD assay showed that retrotranslocated, ubiquitinated Hmg2-GFP behaved like a purely proteinaceous complex, with no evidence of lipid involvement.
We developed a new in vivo retrotranslocation assay to ensure highest biological veracity; the in vivo assay showed two important features of regulated Hmg2 ERAD that were absent in the in vitro assay. First, Hmg2-GFP studied in vivo underwent normal regulation, responding to add GGPP, and allowed us to study and harness this aspect of Hmg2 degradation in these studies. Second, the effect of removing the homologous proteasome adaptors Dsk2 and Rad23 in the in vivo assay placed them in the expected position along the HRD pathway, after retrotranslocation and before proteasomal degradation. For reasons that are not clear, the in vitro assay's response to this double null blocks retrotranslocation (16) . Retrotranslocated, ubiquitinated Hmg2-GFP observed in vivo was full length as indicated by proteolytic removal of ubiquitin. This was the case even for the ambient Hmg2-GFP found in the S100 fraction without inhibition of the proteasome or added GGPP signal, indicating that the retrotranslocation step was a normal FIGURE 9 . Cdc48 is required for the solubility of Hmg2-GFP. A, in the presence of Lys-48-linked polyubiquitin chains, Cdc48 disassociates from retrotranslocated Hmg2-GFP. Same as Fig. 6 except the S100 supernatant containing retrotranslocated Hmg2-GFP was treated with 5 M Lys-48-linked polyubiquitin chains. B, retrotranslocated Hmg2-GFP is no longer soluble upon disassociation from Cdc48. Retrotranslocated Hmg2-GFP was treated with excess Lys-48linked polyubiquitin chains or buffer and was ultracentrifuged to discern ubiquitinated Hmg2-GFP that is either in the insoluble fraction (P) or in the soluble fraction (S). Following ultracentrifugation, both P and S fractions were treated with Usp2Core.
part of the ERAD-M process, and so it warranted detailed exploration.
Using the in vivo assay, we again tested the biophysical properties of retrotranslocated Hmg2-GFP to discern any role for lipids. This is particularly salient for Hmg2 because of an observed association between mammalian HMGR undergoing ERAD and lipid droplets in mammalian cells (29, 45) . Nevertheless, it was clear that in vivo retrotranslocated Hmg2-GFP was entirely protein-associated. Similar recent studies on the misfolded, retrotranslocated Doa10 pathway substrate Ste6*-3HA reported that, unlike retrotranslocated Hmg2-GFP, Ste6*-3HA pelleted into the P100 fraction. When we performed our (very similar) protocol with Ste6*-3HA, it behaved identically to Hmg2-GFP, showing full solubility after retrotranslocation, remaining in S100. The nature of this discrepancy is not clear, but it could rest in minor differences in assay execution. Perhaps constitutively misfolded Ste6*-3HA is more prone to experimental aggregation, causing it to pellet upon ultracentrifugation, due to subtle differences in assay conditions. Whatever the explanation, our studies show striking commonality between these two types of integral membrane ERAD substrates, which was borne out by the subsequent proteomics and biochemistry.
We then used unbiased proteomics to identify and confirm Cdc48 as the principal retrochaperone allowing multispanning membrane proteins to remain soluble in the cytosol. Immunoprecipitation of retrotranslocated Hmg2 resulted in significant capture (ϳ10% of the total pool) of free Cdc48. Importantly, clearance studies with fully functional ProtA-Cdc48 showed all of the retrotranslocated Hmg2-GFP were Cdc48-associated. Identical experiments with either Npl4 or Ufd1-SBP showed that soluble retrotranslocated Hmg2-GFP was entirely associated with the canonical Cdc48-Ufd1-Npl4 complex. Similarly, soluble retrotranslocated Ste6*-3HA was quantitatively associated with the Cdc48-Ufd1-Npl4 complex. Thus, this complex appears to be generally involved in both the ATP-dependent removal of ERAD-M substrates and maintenance of their solubility. A 2014 study implicates Cdc48 as solubilizing "holdase" for ubiquitinated substrates in the San1 nuclear quality control pathway (46) , further extending the generality of this function. In interesting contrast to our observed need for the Cdc48-Ufd1-Npl4 in retrochaperone function, a new pathway for degradation of misfolded cytosolic proteins has been described that appears to employ a Cdc48-Npl4 subcomplex, with no involvement of Ufd1. Perhaps the Cdc48 complex composition allows mechanistic differences in use of the widely used quality control factor (47) .
We explored the features of Cdc48-client interaction. The tripartite Cdc48 complex binds polyubiquitin chains. Proteolytic removal of the polyubiquitin from Hmg2-GFP abolished its Cdc48 association and rendered the retrotranslocated Hmg2-GFP insoluble. Similarly, addition of excess polyubiquitin chains to the assay supernatant resulted in complete loss of Cdc48 binding to retrotranslocated Hmg2-GFP, and again it caused drastic loss of Hmg2-GFP solubility. Thus, it was clear that polyubiquitin-mediated association of the Cdc48 complex is critical for the maintained solubility of the eight-spanning Hmg2-GFP, indicating that Cdc48 is a bone fide retrochaperone in addition to being a ubiquitin-dependent "dislocase."
The ability of added polyubiquitin chains to reverse Cdc48client binding implies some interesting features of Cdc48 retrochaperone function. Cdc48/p97 has regions that could interact with hydrophobic portions of substrates (24, 48) , so it was at least possible that inhibiting Cdc48 complex binding to polyubiquitin would still allow client association and solubility. That was not the case. The polyubiquitin binding of Cdc48 was a critical component of Cdc48 retrochaperone function. This could be due to simple avidity effects, such that the polyubiquitin provides stable association of Cdc48 in close proximity to weakly interacting hydrophobic portions of the substrate, thus allowing solubility. Alternatively, it is possible that a more complex interplay is involved. Perhaps polyubiquitin binding alters the Cdc48 complex, providing an allosteric contingency for Cdc48 interaction with hydrophobic clients. It will be important to test these and related ideas to understand this general function of Cdc48. The demonstrated requirement for polyubiquitin chains in Cdc48-mediated solubility also allows for a natural role for ubiquitin proteases in the transfer of the bound clients to proteasome adaptors or the proteasome itself. Because removal of the chains is sufficient to disengage Cdc48, the function of ERAD-important UBP (ubiquitin protease) such as Otu1 (49 -51) may be to bring about disengagement by ubiquitin removal, thus allowing formation of distal substrateadaptor complexes passed from Cdc48-substrate complexes upon ubiquitin removal.
It has been suggested that in ERAD-L the initial retrotranslocation of fully luminal substrates may be mediated by an intriguing, newly reported "ubiquitin-gated channel" activity of Hrd1 (18) . By that model, the Hrd1 channel activity catalyzes transfer of the ERAD-L substrate to the ER surface, and Cdc48 then joins the process by binding to the ERAD-L substrate undergoing ubiquitination and retrotranslocation, providing further energy for transmembrane movement and solubilization. We asked if Cdc48 similarly had a "follow-through" role in HRD-dependent degradation of Hmg2. If so, we would expect Cdc48-deficient strains to show increased ER-associated ubiquitinated material on the outer surface of the ER, which would thus behave like an extrinsic membrane protein. In the wildtype strains, there is indeed a portion (about 10% of the total ubiquitinated Hmg2-GFP) that is found tightly bound on the surface of the ER, as indicated by its removal with pH 11.5 carbonate. However, in a cdc48-2 strain, all of the ubiquitinated Hmg2-GFP was embedded in the membrane, behaving like an integral membrane protein. Thus, it appears that Cdc48 is important for the initial passage of ERAD-M substrates across the ER membrane, as well as the subsequent solubilization needed for transit to the proteasome.
It is interesting to compare the role of Cdc48 in yeast to the analogous pathways in the mammal. It is clear that p97, the mammalian homologue of Cdc48, is prominently featured in mammalian ERAD. However, the tail-anchor pathway protein Bag6, which is absent in yeast, also plays a role in a variety of quality control processes, including retrotranslocation, where it also acts as a cytoplasmic holdase (52) . Current studies indicate that p97 and Bag6 may play parallel roles, because loss of either causes slowing, but not complete loss, of ERAD substrate degradation (53) . Intriguingly, Bag6's interaction with hydrophobic clients is not dependent on ubiquitination. This feature is appropriate considering Bag's better-studied role in promoting solubility of non-ubiquitinated cytoplasmic tail-anchored proteins. In fact, Bag6 may be able to recruit soluble E3s to promote ubiquitination of retrotranslocated substrates that have either not been ubiquitinated or have lost the modification (54) . In contrast to mammals, retrotranslocated yeast substrates appear to always be ubiquitinated, whereas in the mammal both ubiquitinated and non-ubiquitinated forms of a given retrotranslocated substrate can sometimes be observed. One simple view of Bag6's role in ERAD is that perhaps in mammals there is a need for a parallel retrochaperone system for nonubiquitinated ERAD substrates, because these would be invisible to the ubiquitin-dependent p97-Cdc48 complex. This added burden could be due to possible ubiquitin-independent pathways of retrotranslocation or to a greater propensity for mammalian cytosol to deubiquitinate retrotranslocated proteins. Perhaps there is an unknown fitness advantage to being able to process both ubiquitinated and non-ubiquitinated ERAD substrates, and so Bag6 was recruited for this added proteostatic function due to its fortuitous presence in the mammalian proteome. Whatever the evolutionary genesis of the Bag6 component of ERAD, it will be interesting and important to understand the integrated functions of these two complementary retrochaperones in mammalian ERAD.
Cdc48/p97 are AAA hexameric ATPases. They are thought to use ATP hydrolysis to generate the considerable conformational force needed for the many versions of ubiquitin-dependent extraction and dislocation for which they are well known (19) . Especially in the case of ERAD-M retrotranslocation, prodigious energy would be required for substrate removal from the membrane. However, it is less clear if the retrochaperoning role of Cdc48 is also ATP-dependent. It will be important to evaluate the role of ATP in this novel holdase function, and a number of straightforward experiments are now possible with the assays and techniques developed herein.
Taken together, these studies show that the Cdc48 complex has a critical and general function as an "ERAD holdase" or retrochaperone. It has been clear for a number of years that Cdc48/p97 accompanies ERAD substrates on their way to the proteasome, but this work demonstrates that the solubility of the ubiquitinated substrates is only possible due to the chaperoning functions of the complex. There are both functional and pathological consequences of this critical new action. It will be intriguing to understand the mechanics and structural aspects of Cdc48 chaperoning and to eventually understand the breadth of this function in cellular processes, including both degradation and possible refolding of damaged proteins that engage the AAA-ATPases in the course of proteostasis.
Experimental Procedures
Yeast and Bacteria Growth Media-Standard yeast S. cerevisiae growth media were used as described previously (55), including yeast extract-peptone-dextrose (YPD) medium and ammonia-based synthetic complete dextrose (SC) and ammonia-based synthetic minimal dextrose (SD) medium supple-mented with 2% dextrose and amino acids to enable growth of auxotrophic strains at 30°C. Escherichia coli DH5 was grown in standard LB media with ampicillin at 37°C, as described previously (56) .
Plasmids and Strains-Plasmids used in this study are listed in Table 2 . Plasmids for this work were generated using standard molecular biological techniques as described previously (57) and verified by sequencing (Eton Bioscience, Inc.). Primer information is available upon request. The KWW (pRH1960) plasmid was a gift from Davis Ng (National University of Singapore, Singapore). The protein A-CDC48 (pRH2078) plasmid was a gift from M. Latterich (McGill University, Quebec, Canada). The Ste6* plasmid (pRH2058) was a gift from S. Michaelis (The Johns Hopkins School of Medicine, Baltimore, MD).
A complete list of yeast strains and their corresponding genotypes are compiled in Table 3 . The UFD1-SBP strain was a gift from T. Rapoport (Harvard Medical School, MA). All strains used in this work were derived from S288C. Yeast strains were transformed with DNA or PCR fragments using the standard LiOAc method (32) . Null alleles were generated by using PCR to amplify a selection marker flanked by 50 base pairs of the 5Ј and 3Ј regions, which are immediately adjacent to the coding region of the gene to be deleted. The selectable markers used for making null alleles were the LEU2 gene (amplified from pRS405) or genes encoding resistance to G418 or CloNat/ nourseothricin. After transformation, strains with drug markers were plated onto YPD followed by replica-plating onto YPD plates containing (500 g/ml G418 or 200 g/ml nourseothricin). All gene deletions were confirmed by PCR. The CDC48 coding region was replaced in situ with the fusion coding region for protein A (ProtA)-Cdc48 by homologous recombination with two cotransformed PCR products. These products were amplified from plasmid pRH2078, which has a cloned genomic fragment bearing the ProtA-Cdc48 allele in the normal CDC48 locus. The first PCR product consisted of the 5Ј promoter region, the ProtA-Cdc48 coding region, the 3Ј terminator region and the 5Ј end of a nourseothricin expression cassette. The second PCR product consisted of the complete nourseothricin expression cassette followed by the 3Ј-flanking region of the CDC48 locus. Cotransformation of a native yeast strain with both products resulted in replacement of the native Cdc48 coding region with that of ProtA-Cdc48, followed by a nourseothricin expression cassette allowing selection for successful replacement. Cotransformed cells were selected for nourseothricin resistance, confirmed by PCR, and tested by immunoblotting for ProtA-Cdc48 as the only version of Cdc48 expressed. Primer sequences are available upon request.
In Vitro Ubiquitination Assay-Ubiquitination of Hmg2-GFP was prepared and analyzed as described previously (16) . Briefly, pRH 469  YIp, URA3, pTDH3-HMG2-GFP  pRH 2695  YIp, URA3, pTDH3-GFP  pRH 1960  YCp, URA3, pCAU-KWW-3HA  pRH 373  YIp, TRP1, pTDH3-UBC7-2HA  pRH 2513  YIp, TRP1, pHRD1-5myc  pRH 2058 YCp, URA3, pPGK-STE6-166-3HA-GFP pRH 2078 2, URA3, pNOPPA-ProA-CDC48 cytosols from strains overexpressing Ubc7 or an otherwise identical ubc7⌬ null strain were lysed by grinding under liquid nitrogen and ultracentrifuged for membrane removal. Protein concentrations were measured by NanoDrop (Thermo Fisher Scientific). Cytosol concentrations were adjusted to 20 -25 mg/ml for ubiquitination and retrotranslocation assays. Microsomes were prepared from ubc7⌬ null yeast strain expressing 3HA-Hrd1 and Hmg2-GFP by bead lysis followed by membrane fractionation. The microsomal pellets were resuspended in the same buffer used to prepare cytosol. One in vitro ubiquitination reaction consisted of 10 l of microsome and 12 l of cytosol. ATP was added to each reaction to a final concentration of 30 mM to initiate reaction, and the reaction was then incubated for 1 h at 30°C. The assay was solubilized in 200 l of SUME (1% SDS, 8 M urea, 10 mM MOPS, pH 6.8, 10 mM EDTA) with protease inhibitors and 5 mM N-ethylmaleimide (NEM). Detergent immunoprecipitation buffer (IPB) was added followed by addition of 15 l of rabbit polyclonal anti-GFP antisera (C. Zuker, University of California, San Diego) for immunoprecipitation (IP) of Hmg2-GFP. Samples were incubated on ice for 5 min, clarified at 14,000 ϫ g for 5 min, and removed to a new Eppendorf tube and incubated overnight at 4°C. 100 l of equilibrated protein A-Sepharose in IPB (50% w/v) (Amersham Biosciences) was added and incubated for 2 h at 4°C. Proteins A beads were washed twice with IPB and washed once more with IP wash buffer (50 mM NaCl, 10 mM Tris), aspirated to dryness, resuspended in 2ϫ urea sample buffer (2ϫ USB: 8 M urea, 4% SDS, 1 mM DTT, 125 mM Tris, pH 6.8), and incubated at 55°C for 10 min. IPs were resolved by 8% SDS-PAGE, transferred to nitrocellulose, and immunoblotted with monoclonal anti-ubiquitin (Fred Hutchinson Cancer Center, Seattle) and anti-GFP (Clontech). Goat anti-mouse (Jackson ImmunoResearch, West Grove, PA) and goat anti-rabbit (Bio-Rad) conjugated with horseradish peroxidase (HRP) recognized primary antibodies. Western Lightning Plus (PerkinElmer Life Sciences) chemiluminescence reagents were used for immunodetection.
In Vitro Retrotranslocation Assay-In vitro retrotranslocation assay of Hmg2-GFP was performed as described previously (16) . Briefly, each in vitro retrotranslocation set of total, supernatant, and pellet fractions was derived from 3ϫ in vitro ubiquitination reaction. The reaction proceeded at 30°C for 1 h, and one reaction equivalent (25 l) was transferred to tube designated as total and another reaction equivalent was transferred to a tube for centrifugation for 1 h at 25,000 ϫ g at 4°C. The resulting supernatant (S) was carefully removed, and the resulting P was resuspended in the same volume as the supernatant and total fractions. Each fraction was solubilized with SUME with PIs ϩ NEM and immunoprecipitated and detected as described above for in vitro ubiquitination assay.
Drug Treatment-Where indicated, log phase cultures were treated with MG132 (benzyloxycarbonyl-Leu-Leu-aldehyde, Sigma) at a final concentration of 25 g/ml (25 mg/ml stock dissolved in DMSO) for 2 h at 30°C and/or GGPP ammonium salt (Sigma) at a final concentration of 11 M for 1 h at 30°C.
In Vivo Retrotranslocation Assay-In vivo retrotranslocation assay was adapted and modified from Ref. 30 . Cells in log phase (OD 600 0.2-0.3) were treated with MG132 and GGPP, and 15 ODs of cells were pelleted. Cells were resuspended in H 2 O, centrifuged, and lysed by with the addition of 0.5 mM glass beads and 400 l of diluted XL buffer (0.24 M sorbitol, 1 mM EDTA, 20 mM KH 2 PO 4 , final pH 7.5) with PIs, followed by vortexing in 1-min intervals for 6 -8 min at 4°C. Lysates were combined and clarified by centrifugation at 2,500 ϫ g for 5 min. Clarified lysate was ultracentrifuged at 100,000 ϫ g for 15 min to separate pellet (P100) and supernatant fraction (S100). P100 pellet was resuspended in 200 l of SUME with PIs and NEM followed by addition of 600 l of IPB with PIs and NEM. S100 supernatant was added directly to IPB with PIs, and NEM and IP for both P100 and S100 were carried out as described above for in vitro ubiquitination assay. 30 and 5 l of IP were used for detection of ubiquitinated Hmg2-GFP with anti-ubiquitin and detection of Hmg2-GFP with anti-GFP, respectively.
Proteolytic Removal of Ubiquitin from Retrotranslocated Hmg2-GFP-Ubiquitin removal was accomplished with the broadly active Usp2 ubiquitin protease as described previously (16) , except that human recombinant Usp2Core (LifeSensors Inc., Malvern, PA) was used, and leupeptin and NEM were excluded from all buffers. Briefly, 50 l of S100 supernatant containing retrotranslocated Hmg2-GFP was incubated with 10 l of Usp2Core (5 g) for 1 h at 37°C. The reaction was quenched with 200 l of SUME with PIs, and retrotranslocated Hmg2-GFP was immunoprecipitated as described above. 20 l of IP was used for detection of Hmg2-GFP with anti-GFP. Ultracentrifugal Flotation Assay-The sucrose density flotation assay was modified from Ref. 10 . S20 supernatant from in vitro retrotranslocation assay or S100 supernatant from in vivo retrotranslocation assay was isolated as described above except MSB buffer (50 mM HEPES, 150 mM NaCl, 5 mM EDTA, pH 7.6) was used instead of diluted XL buffer. 100 l of lysate or supernatant fraction containing retrotranslocated Hmg2-GFP was mixed with 300 l of MSB containing 2.3 M sucrose, and this solution was layered onto 200 l of MSB containing 2.3 M sucrose in a centrifuge tube. MSB supplemented with 1.5 M sucrose (500 l) and 0.25 M sucrose (400 l) were successively layered, and the tube was centrifuged in a Beckman SW55 rotor at 100,00 ϫ g for 16 h at 4°C. Fractions of 100 l were removed from the top of the gradient. For analysis of PGK and Sec61, each fraction was mixed with 2ϫ USB, resolved by SDS-PAGE, and immunoblotted with monoclonal antibodies anti-Sec61 (Randy Schekman's laboratory) and anti-PGK (Life Technologies, Inc.-Novex). For analysis of retrotranslocated Hmg2-GFP, each fraction was immunoprecipitated and immunoblotted as described above for in vitro ubiquitination assay.
Carbonate Extraction-Carbonate extraction was modified from Ref. 37 . Briefly, 200 g of microsomes were incubated in 200 l of 0.2 M Na 2 CO 3 at the indicated pH value for 15 min on ice. Samples were centrifuged at 14,000 ϫ g for 10 min to separate the P and S. Supernatants were precipitated with 20% (w/v) TCA, and both the pellet and supernatant fractions were resuspended in equal volumes of 2ϫ USB buffer. For analysis of ubiquitinated Hmg2-GFP, following treatment with Na 2 CO 3 at pH 11.5 and centrifugation, the pellet fraction was resuspended in 200 l of SUME with PIs and NEM followed by addition of 600 l of IPB with PIs and NEM, whereas the supernatant fraction was added directly to IPB with PIs and NEM. IP for both pellet and supernatant fraction was carried out as described above for in vitro ubiquitination assay.
Co-IP of Retrotranslocated Hmg2-GFP for Mass Spectrometry Analysis-Log phase cultures (OD 600 0.2-0.45) were treated with both MG132 and GGPP, and 30 ODs of cells were pelleted, rinsed with H 2 O, and lysed with 0.5 mM glass beads in 800 l of XL buffer with PIs (for mass spectrometry analyses, 4-(2-aminoethyl)benzenesulfonyl fluoride and NEM were excluded from all buffers). This was followed by vortexing at 1-min intervals for 6 -8 min at 4°C. Lysates were combined and clarified by centrifugation at 2,500 ϫ g for 5 min followed by ultracentrifugation at 100,000 ϫ g for 15 min to separate P100 pellet and S100 supernatant. 600 l of S100 supernatant was divided and aliquoted into three tubes (200 l per tube) containing nondetergent IP buffer (15 mM Na 2 HPO 4 , 150 mM NaCl, 10 mM EDTA) with PIs. Samples were incubated overnight with 10 l of equilibrated GFP-Trap-agarose (ChromoTek Inc., Hauppauge, NY) at 4°C. The next day, GFP-Trap-agarose beads were combined to one tube, washed once with non-detergent IP buffer, washed once more with IP wash buffer, and aspirated to dryness. Beads were resuspended in 50 l of 0.2 M glycine, pH 2.5, followed by addition of 5 l of 1 M Tris base, pH 10.4, for neutralization. Neutralized sample was then subjected for mass spectrometry analysis.
Clearance Assay-Strains expressing Hmg2-GFP and ProtA-Cdc48 as the only source of Cdc48 were grown to log phase and subjected to the in vivo retrotranslocation assay preparation of S100, but with leupeptin and NEM excluded from all buffers. Following ultracentrifugation, 200 l of each S100 supernatant fraction was added to tubes containing 600 l of non-detergent IP buffer with PIs, clarified by 21,000 ϫ g spin for 10 min, transferred to new tubes, followed by addition of 70 l of equilibrated IgG-Sepharose to each. Tubes were nutated overnight at 4°C. The IgG-Sepharose was then washed once with non-detergent IP buffer, washed once more with IP wash buffer, and aspirated to dryness. Beads were resuspended in 50 l of XL buffer supplemented with PIs, and 5 l of Usp2Core (2.5 g) was added to each tube followed by incubation for 1 h at 37°C to allow removal of the ubiquitin attached to Hmg2-GFP to facilitate immunodetection (see above). After incubation, the reaction was quenched with 50 l of 2ϫ USB buffer. IPs were resolved by SDS-PAGE using 8% gels and immunoblotted with polyclonal antibody anti-Cdc48 for detection of ProtA-Cdc48 and anti-GFP for detection of Hmg2-GFP.
Solubility Assay-S100 supernatant containing retrotranslocated Hmg2-GFP was isolated as described above for in vivo retrotranslocation assay except that leupeptin and NEM were excluded from all buffers. For discerning solubility of ubiquitinated Hmg2-GFP, 200 l of S100 supernatant was ultracentrifuged at 100,000 ϫ g for 15 min. The pellet fraction obtained from this spin was resuspended in 200 l of XL buffer with PIs. 5 g of Usp2Core was added to both pellet and supernatant fractions and incubated for 1 h at 37°C.
For discerning solubility of deubiquitinated Hmg2-GFP, 200 l of S100 supernatant was treated with 10 l (5 g) of Usp2Core, incubated for 1 h at 37°C, and ultracentrifuged at 100,000 ϫ g for 15 min. The resulting pellet fraction was resuspended in XL buffer containing PIs. IP and anti-GFP immunoblotting for Hmg2-GFP from both pellet and supernatant fraction were carried out as described above for in vitro ubiquitination assay, and 20 and 40 l of IP were used for detection of ubiquitin with anti-ubiquitin and detection of Hmg2-GFP with anti-GFP, respectively.
Free Polyubiquitin Competition Test-The ability of polyubiquitin to compete for Cdc48 binding to retrotranslocated Hmg2-GFP was adapted from Co-IP of retrotranslocated Hmg2-GFP as described above. S100 supernatant prepared according to the in vivo retrotranslocation assay above (total volume 600 l), containing retrotranslocated Hmg2-GFP, was incubated with 10 l (20 g) of Lys-48-linked polyubiquitin chains (BostonBiochem) or buffer for 1 h at room temperature. The incubation mixture was next distributed as 200-l samples into three Eppendorf tubes containing 600 l of nondetergent IP buffer with PIs. 10 l of equilibrated GFP-Trapagarose was added to each tube, and they were nutated overnight at 4°C. The next day, the GFP-Trap-agarose beads were combined to one tube, washed once with non-detergent IP buffer, washed once more with IP wash buffer, and resuspended in 100 l of 2ϫ USB. Samples were resolved on 8% SDS-PAGE and immunoblotted for ubiquitin and Cdc48.
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